A Zn22% Al eutectoid alloy was processed by equal-channel angular pressing for 8 passes at 473 K and then tested in tension at 473 K over a range of strain rates. A highest elongation of 2230% was recorded at a strain rate of 1.0 © 10 ¹2 s ¹1 representing high strain rate superplasticity. Quantitative cavity measurements and a cavity volume analysis were undertaken to investigate the growth of internal cavities during superplastic flow. The results demonstrate a clear transition from the superplastic diffusion growth of cavities at the lower elongations to plasticity-controlled cavity growth at the higher elongations. A cavity growth diagram provides an excellent description of the cavity growth processes including the transition from superplastic diffusion growth to plasticity-controlled growth at cavity radii larger than ³2.1¯m.
Introduction
When metal specimens are pulled under tensile conditions, they invariably break with only limited ductility. However, under some testing conditions it is often possible to achieve exceptionally high tensile elongations prior to failure. These high elongations are termed superplasticity and they form the basis for the fabrication of components having complex shapes using superplastic forming operations. Superplasticity is defined formally as tensile elongations of at least 400% 1) and it is now well-established that superplastic flow requires a very small grain size, typically <10¯m, and a high testing temperature at or above ³0.5T m where T m is the melting temperature of the material. 2) Conventional thermo-mechanical processing provides the capability of reducing the grain size to, typically, ³25¯m and this is ideal for achieving superplastic elongations. However, research over the last two decades has established the potential for attaining even smaller grain sizes, typically in the submicrometer range, by the processing of metals through the application of severe plastic deformation. 3) Although several different processing procedures are now available, Equal-Channel Angular Pressing (ECAP) has become established as an ideal processing route for the production of relatively large bulk ultrafine-grained (UFG) metals with grain sizes <1¯m.
4) It was noted in early work that these small grain sizes may provide an opportunity for achieving superplasticity at very rapid strain rates 5) including within the regime of high strain rate superplasticity which is defined as strain rates at and above 10 ¹2 s
¹1
. 6) The occurrence of high strain rate superplasticity was subsequently verified by processing AlMgLiZr and AlCuZr alloys by ECAP. 7) A recent review demonstrated there are now a large number of reports, for many different alloys, documenting the occurrence of superplasticity in metals processed by ECAP. 8) These results are sufficiently extensive that it is possible to conduct a detailed analysis of the data for different sets of metallic alloys. 9) However, a problem that has remained relatively unaddressed concerns the development of cavitation in materials undergoing superplastic flow. The problem of internal cavitation is well known in conventional superplasticity 10) and there are also several reports describing the development of internal cavities in samples processed by ECAP using both conventional microscopy 1118) and X-ray microtomography. 19) However, more information is needed because cavitation plays a critical role that has the potential for limiting the ability to make full use of the superplastic forming capability. Accordingly, the present research was initiated to provide comprehensive information on the configurations and growth of internal cavities in a metal alloy processed by ECAP.
The experiments were conducted using the Zn22% Al eutectoid alloy where this material was selected for two reasons. First, it is known that the alloy is highly superplastic both in conventional testing 2022) and after processing by ECAP 2326) or high-pressure torsion. 27) Second, there are numerous early reports documenting the development of internal cavitation in this alloy under superplastic flow conditions.
2834)

Experimental Material and Procedures
The experiments were conducted using a commercial Zn22% Al eutectoid alloy containing the following impurities in ppm: Cr <10, Cu 20, Fe 70, Mg <10, Mn <10 and Si 70. The alloy was supplied as a plate having a thickness of 25 mm. This plate was machined into rods having diameters of ³10 mm and then cut into billets with lengths of ³60 mm. The billets were annealed in air for 1 hour at 473 K to give a mean linear intercept grain size of ³1.8¯m.
The processing by ECAP used a solid die containing a channel with a diameter of 10 mm bent internally through a channel angle of ) = 90°and with an outer arc of curvature of * = 20°. These values of ) and * give an imposed strain of ³1 on each separate passage through the die. 35) Each billet was processed through 8 passes at a temperature of 473 K using route B C where each rod is turned through 90°in the same direction between each separate pass.
36) The longitudinal mean linear intercept grain size was measured as L μ 0.8¯m immediately after pressing 37) which confirms the potential for achieving a submicrometer grain size through ECAP.
Following ECAP, tensile specimens were machined from the rods with gauge lengths of 4 mm and cross-sectional areas of 3 © 2 mm 2 . The gauge lengths of all specimens were parallel to the pressing direction. Tensile testing was conducted at 473 K using a machine operating at a constant rate of cross-head displacement and with initial strain rates in the range from 1.0 © 10 ¹4 to 1.0 s ¹1 . As a result of the twophase eutectoid structure, there was no significant grain growth during tensile testing.
Quantitative cavity measurements were conducted by testing the ZnAl specimens to predetermined elongations of 500%, 1000% and 1500% and to failure at 2230% at a strain rate of 1.0 © 10 ¹2 s ¹1 . One side of the sample surface was polished without etching and the internal cavities in the sample were measured using an optical microscope connected through an image monitor and a personal computer. The quantitative measurements were undertaken using Image Measure IM5100 software which scanned all internal cavities automatically within a selected area displayed on an image monitor. Each cavity was counted and measured during the scanning and the data recorded for quantitative analysis. In order to obtain consistent data for all measurements, the scanning of cavities was performed in the central regions of the elongated gauge lengths of all specimens. For the sample pulled to failure, the scanning was conducted in an area reasonably close to the fracture tip but without including areas near the edges of the gauge width. A total of 20 different windows was measured using a window size of 0.05 mm 2 so that the total measurement area was equal to 1 mm 2 on each sample. The minimum size of cavity was set at 1¯m 2 to avoid any problems with dirt or small artifacts on the polished surfaces. The intensity of the threshold was adjusted manually through a series of measurements to maintain a consistent degree of image contrast for all available cavities within every measurement window.
The quantitative measurements gave the following information: (a) the total number of cavities in each measurement window; (b) the area of each cavity; (c) the perimeter of each cavity; (d) the maximum length of a diameter determined by any two points on the perimeter; (e) the orientation of each cavity determined by the angle between the maximum diameter and the tensile direction; and (f) the roundness coefficient for each cavity defined as {4³ © area}/ (perimeter) 2 , where a spherical cavity has a coefficient of 1.0 and lower values represent increasing deviations from a circular configuration.
Density measurements were taken on the gauge part of each deformed Zn22% Al alloy in order to measure the total volume of internal cavities within the deformed areas of each tensile specimen. A number of tensile specimens were deformed to different predetermined strains and for each specimen the grips were cut away and the remaining gauge sections were cleaned ultrasonically using ethanol. After measuring the weight of each gauge section, the volume of the gauge section was measured using a Micromeritics Gas Pycnometer Accupyc 1330 (Shimadzu Corporation, Kyoto, Japan). In this process, the measured weight was inserted in the system so that the density of the gauge section was also calculated. Thereafter, the density of the internal cavities was estimated from the difference in density between the initial condition without testing and after testing. To avoid any possible thermal effects, all measurements were recorded at a temperature of 27.5 « 1°C. Following the density measurements, the cavity morphologies within each gauge section were examined optically using an Olympus Vanox AHMT3 photomicrographic facility.
Experimental Results
Mechanical properties after ECAP
Prior to testing, a specimen of an as-pressed ZnAl alloy was heated at 473 K for one hour and cooled in air. The mean linear intercept grain size was measured as L μ 0.9¯m which corresponds to the grain size immediately before the tensile testing. 37) This corresponds to a spatial grain size, d, of ³1.6¯m where d = 1.74 © L. Tensile tests were conducted at 473 K using initial strain rates from 1.0 © 10 ¹4 to 1.0 s ¹1 . The results are shown in Fig. 1 as elongation to failure (upper) and flow stress (lower) versus strain rate, where the data depict the characteristic three-stage behavior which is typical of the Zn22% Al alloy. 21) All elongations at all strain rates were >500% thereby demonstrating the remarkable superplastic characteristics of the ZnAl eutectoid alloy. In practice, a highest elongation of 2230% was observed at 1.0 © 10 ¹2 s ¹1 which confirms the occurrence of high strain rate superplasticity. The strain rate sensitivity, m, was calculated as ³0.43 at strain rates of 1.0 © 10 
Quantitative cavity measurements after ECAP
In order to evaluate the development of internal cavitation, as-processed samples were tested at a strain rate of 1.0 © 10 ¹2 s ¹1 to a series of incremental elongations from 250% to failure at 2230% as shown in Fig. 2 . These samples show the occurrence of excellent superplastic flow with an absence of neck formation which is a characteristic of superplasticity.
33) The quantitative cavity measurements were taken using the samples pulled to elongations of 500%, 1000%, 1500% and to failure and the results are shown in Figs. 3 to 5.
In Fig. 3 , histograms of the numbers of cavities are shown as a function of the cavity area after pulling to elongations of (a) 500%, (b) 1000%, (c) 1500% and (d) to failure at 2230%. Almost all cavities have areas of <10¯m 2 at 500% and 1000% but larger cavities are present at higher elongations. It is apparent that cavity nucleation and growth occurs during tensile deformation because the sample pulled to 1000% has a very large number of cavities with areas of ³5¯m 2 whereas the numbers of cavities <10¯m 2 decreases at 1500% and 2230%. By contrast, there are a significant number of larger cavities in the specimens at 1500% and 2230% and this is a consequence both of cavity growth and coalescence. Some large cavities having areas >80¯m 2 were also observed in the specimen pulled to failure.
The orientations of the cavities in these four specimens are shown in Fig. 4 (a)(d) in plots of the normalized number of cavities (as a percentage) versus orientation. In the sample pulled to 1000% there are many cavities within the peak orientation of 7590°indicating that the longer axes of the cavities lie perpendicular to the tensile direction. However, this trend changes with increasing strain such that the sample pulled to 1500% has 60% of total cavities having orientations of 045°and in the specimen taken to failure the peak orientation is at 015°. Thus, at failure the longer axes of the cavities are oriented parallel to the tensile axis. Fig. 2 Appearance of the deformed specimens after ECAP for 8 passes at 473 K and testing in tension at 1.0 © 10 ¹2 s ¹1 at 473 K to a series of predetermined strains and to failure. The distributions of cavity roundness coefficients were evaluated on these four samples and the results are shown in Fig. 5(a)(d) . It is apparent that over 60% of the total cavities show a roundness coefficient of 0.81.0 in the samples pulled to 500% and 1000% whereas over 50% of the total cavities have a roundness coefficient of <0.8 in the samples pulled both to 1500% and to failure. The results demonstrate the cavities are initially reasonably spherical but they become elongated when the samples are pulled to elongations >1500%.
Analysis of cavity volumes in tensile testing
In order to obtain information on the cavity growth mechanism, the total volumes of the cavities were measured in all samples shown in Fig. 2 .
In superplastic materials, the internal cavities grow initially by diffusion when the cavities are reasonably small but there is a transition to a plasticity-controlled growth mechanism after the cavity radius achieves a critical radius. 38) A model for plasticity-controlled growth was developed by assuming all cavities pre-exist at zero strain so that there is no further nucleation and cavity growth occurs without interlinkage. 39, 40) For these conditions, the following relationships are applicable:
and
where V is the volume fraction of cavities, ¾ is the strain, © is a constant associated with cavity growth and V 0 is the volume fraction of cavities at zero strain. Since the model assumes no cavity nucleation, V 0 is the effective initial cavitation level.
40)
The density of the as-pressed Zn22% Al alloy prior to tensile testing was set as μ 0 and the density of a deformed sample was set as μ i . Then the volume fraction of cavities, V, in each sample after tensile testing is given by the relationship:
It is noted that the density of the Zn22% Al alloy after ECAP through 8 passes before tensile testing was μ 0 = 5.36 g/cm 3 which is close to the reported density of 5.20 g/cm 3 for an as-rolled superplastic Zn22% Al alloy. 41) Through the use of eqs. (1)(3), the results of the cavity volume measurements were analyzed and they are shown in Fig. 6 in a plot of the volume of cavities (as a percentage) Fig. 4 The distributions of cavity orientations for the as-pressed Zn22% Al alloy tested at 1.0 © 10 ¹2 s ¹1 at 473 K to elongations of (a) 500%, (b) 1000%, (c) 1500% and (d) to failure at 2230%.
versus the elongation. The experimental data from this study are shown as open circles. Since the cavity growth parameter, ©, is calculated from the slope of the datum points as expressed in eq. (1), a cavity growth parameter of © μ 0.4 was calculated for the ZnAl alloy when testing in tension at elongations from 500% to 2230%. However, the quantitative cavity measurements, as given in Figs. 35 , suggest a transition in the cavity growth mechanism when the material Fig. 6 The variation of the volume of internal cavities versus elongation for the as-pressed Zn22% Al alloy tested at 1.0 © 10 ¹2 s ¹1 at 473 K: additional data are shown for unpressed Zn22% Al alloys. 42, 43) Fig . 5 The distributions of the roundness coefficients for the as-pressed Zn22% Al alloy tested at 1.0 © 10 ¹2 s ¹1 at 473 K to elongations of (a) 500%, (b) 1000%, (c) 1500% and (d) to failure at 2230%. is deformed to >1000%. Therefore, the calculated cavity growth parameter of © = 0.4 becomes effective where the elongation is above ³1000%. Thus, the solid line in Fig. 6 at elongations >1000% denotes a region of plasticity-controlled growth and the dashed line at elongations <1000% denotes superplastic diffusion growth. 38) For comparison purposes, reference points are also included using data for a Zn22% Al alloy 42) and a Zn 22% Al0.5% Cu alloy 43) without processing by ECAP. For the Zn22% Al alloy, the material has a grain size of d = 1.25¯m and shows a cavity growth parameter of © = 1.65 when cavity volumes are considered through elongations less than 160%. 42) For the Zn22% Al0.5% Cu alloy, a value of © = 1.4 was obtained for a grain size of d = 1.2¯m where the sample was deformed to elongations of 500700%. 43) Although the values of these two cavity growth parameters are higher than in the present investigation, neither report considers a transition from superplastic diffusion growth to plasticity-controlled growth.
Appearance of cavities in the ZnAl alloy after
ECAP and tensile testing Typical cavity morphologies are shown in Fig. 7 where the tensile axis is horizontal: these photomicrographs were recorded after tensile testing close to the centers of the deformed gauge lengths for the specimens pulled to elongations of (a) 500%, (b) 1000% and (c) 1500% and (d) close to the fracture tip of the specimen after failure at 2230%. Inspection of Fig. 7 leads to several conclusions. First, the cavities are located at random points throughout the gauge lengths of all samples. Randomly distributed and uniformly nucleated cavities were also reported after tensile testing of an unpressed Zn22% Al alloy 44) and in an Al-7034 alloy after ECAP through 6 passes. 17) Second, there is clear evidence for the formation of cavity stringers aligned along the tensile direction in samples having elongations of at least 1000% as shown in Fig. 7(b)(d) . The consistent feature of cavity stringers formed along the tensile axis was reported in unpressed Zn22% Al alloy 28, 29, 31, 34, 45, 46) and in some superplastic Al alloys processed by ECAP. 17, 47, 48) It is known that these cavity stringers are directly affected by the presence of impurities, oxide particles and precipitates which are broken and aligned in the stress direction during thermo-mechanical processing operations such as rolling. 49) Third, as with the quantitative cavity measurements, there is a transition in the cavity size and shape with increasing elongation. Thus, the cavities in the sample pulled to 500% in Fig. 7(a) are very small and reasonably spherical and there is no evidence for cavity coalescence. At an elongation of 1000% in Fig. 7(b) , cavity stringers are formed along the tensile direction but each cavity is small and rounded with little coalescence. By contrast, there are larger cavities at elongations at and above 1500% in Fig. 7(c) and (d) and these cavities have a longer axis parallel to the tensile direction. The appearance of the cavities is therefore consistent with the results obtained from the quantitative analysis. Fig. 7 Appearance of the cavities at points close to the centers of the gauge lengths in samples pulled at 1.0 © 10 ¹2 s ¹1 at 473 K to elongations of (a) 500%, (b) 1000% and (c) 1500% and (d) at close to the fracture tip of a sample pulled to failure at 2230%: the tensile axis is horizontal in all photomicrographs.
Discussion
Evaluation of the critical cavity radius
In order to evaluate the transition in the cavity growth mechanism for the ZnAl alloy, it is necessary to examine the standard cavity growth processes in conventional superplastic alloys.
In high temperature deformation, there are two basic processes of cavity growth for a cavity lying on a grain boundary in a polycrystalline material. First, the cavity may grow through vacancy diffusion along the grain boundary. This is the diffusion growth mechanism and the growth rate of a cavity of radius r with respect to the strain, ¾, is given by:
where ³ is the atomic volume, ¤ is the grain boundary width, D gb is the coefficient for grain boundary diffusion, · is the applied stress, £ is the surface energy, k is Boltzmann's constant, T is the absolute temperature, _ ¾ is the initial strain rate and ¡ is a parameter defining the cavity size-spacing through a relationship of the form
where is the intercavity spacing. Practically, small cavities which are widely separated have a value of /2r > 5. Thus, ¡ changes slowly with /2r and the cavity spacing parameter becomes ¡ μ 0.1. Second, the cavities may grow by plastic deformation in the surrounding crystalline lattice. This is the plasticity-controlled growth mechanism which is given by:
The two processes expressed by eqs. (4) and (6) are based on cavity growth in conventional coarse-grained materials but in superplastic materials the grain sizes are very small and a single cavity may intersect a number of grain boundaries. The vacancies then diffuse into the cavity along several different grain boundary paths and for this condition, known as superplastic diffusion growth, the growth process is given by:
Since the ZnAl alloy used in these experiments had a spatial grain size of d μ 1.6¯m, it is reasonable to assume that superplastic diffusion growth and plasticity-controlled growth are the two main cavity growth mechanisms. It is evident from eq. (7) that the cavity growth rate for superplastic diffusion growth is independent of the cavity radius so that the growth rate remains constant with increasing cavity radius. By contrast, the plasticity-controlled growth mechanism has a growth rate that varies linearly with increasing cavity radius as shown in eq. (6). Therefore, from eqs. (6) and (7), there is a transition in the cavity growth mechanism from superplastic diffusion growth to plasticitycontrolled growth when the cavity radius reaches a critical value, r csp , given by:
The critical cavity radius for the internal cavities in the Zn22% Al alloy processed by ECAP may be calculated using eq. (8) ), d = 1.6 © 10 ¹6 m, T = 473 K and a flow stress of · μ 12 MPa recorded at a strain rate of _ ¾ = 1.0 © 10 ¹2 s ¹1 in the present experiments. This calculation predicts a critical cavity radius of r csp μ 2.1¯m which is equivalent to a cavity area of ³15¯m 2 . This shows that superplastic diffusion growth will dominate in the Zn22% Al alloy for very small cavities but there will be a transition to plasticity-controlled growth at areas above ³15¯m 2 . For comparison, calculations for a spray-cast Al-7034 alloy processed by ECAP gave a critical cavity radius of ³3.6¯m, equivalent to an area of ³40¯m 2 , for tests conducted at a strain rate of 1.0 © 10 ¹2 s ¹1 at 673 K. 17) Accordingly, the quantitative cavity measurements and the calculations are mutually consistent and they lead to important conclusions for the growth of cavities in the ZnAl alloy during tensile testing after processing by ECAP. First, superplastic diffusion growth is the dominant growth mechanism up to elongations of ³1000% but at higher elongations the growth process changes to plasticitycontrolled growth. Second, and as shown in Fig. 6 , there is a cavity growth parameter of © = 0.4 in the region of plasticitycontrolled growth.
A model for the cavity growth processes in the Zn
22% Al alloy after ECAP It is feasible to use the present data to construct a cavity growth diagram to delineate the dominant growth mechanisms. This type of approach was developed earlier 30, 38) and a similar approach will be used here.
When the Zn22% Al alloy is deformed at high temperatures, the critical cavity radius, r c , denoting the transition from conventional diffusion growth to plasticity-controlled growth is obtained from eqs. (4) and (6) so that: 54) 
It is apparent from eqs. (8) and (9) that the value of r csp decreases to r c with increasing grain size, d, under constant conditions of T and _ ¾. Thus, the maximum grain size, d max , for superplastic diffusion growth is given by:
For the present experiments, the value of r c was calculated as ³0.6¯m using eq. (9) . Therefore, the maximum grain size for superplastic diffusion growth is d max μ 3¯m from eq. (10) which shows that superplastic diffusion growth is an important process when the grain size is <3¯m. The present grain size of d μ 1.6¯m is therefore consistent with the superplastic diffusion growth process.
In practice, superplastic diffusion growth becomes important only when the cavity is sufficiently large that it intersects several grain boundaries. Therefore, superplastic diffusion growth becomes active when the critical cavity radius is larger than r osp μ d/2 38) and it follows that r osp μ 0.8¯m in the present experiments. Using this information, it is possible to construct a cavity growth diagram for the Zn22% Al alloy in terms of the cavity growth rate, dr/d¾, and the instantaneous cavity radius, r, as shown in Fig. 8 . Since the growth of cavities is always controlled by the fastest feasible mechanism, the cavity growth rate is predicted by the upper solid line in Fig. 8 . This plot shows that, because of the ultrafine grain size, superplastic diffusion growth is an important and relatively fast process. Conversely, conventional diffusion growth is not important except at the smallest cavity sizes which are smaller than 1¯m. Since the quantitative cavity measurements were set to detect cavities having areas of at least 1¯m 2 and a value of r osp μ 0.8¯m is equivalent to a cavity area of ³2¯m 2 , most of the cavities in the present experiments are controlled by superplastic diffusion growth in the earlier stages of deformation and by plasticity-controlled growth at very high elongations.
In order to complete the cavity growth diagram, it is necessary to consider the effect of cavity coalescence which will give faster growth rates in the regime of plasticitycontrolled growth. An early analysis of cavity coalescence 55) was subsequently modified to incorporate the cavity volume parameter, ©, in eq. (2) so that:
where eq. (11) incorporates the plasticity-controlled growth of eq. (9) and the occurrence of cavity coalescence. Since 3£/2· ¹ r(1 + V©) when the cavity size is sufficiently large, it follows that eq. (11) becomes: 56) dr d¾ ¼ rð1 þ V ©Þ ð 12Þ
From Fig. 6 , it is apparent that the volume of cavities in the as-pressed ZnAl alloy is¯15% and the cavity volume parameter © is measured as ³0.4 so that V© is <0.06. Using the data from the quantitative cavity measurements, the average cavity radii were calculated for the 10% and 20% largest cavities produced in these experiments and the cavity growth rate for cavity coalescence was calculated using eq. (12) . These calculated average cavity sizes are plotted as the two experimental points in the upper part of Fig. 8 . Thus, these points are in good agreement with the predictions for cavity growth in the region of the plasticity-controlled growth mechanism, thereby demonstrating that cavity coalescence is of negligible significance under the present experimental conditions.
Finally, it is important to note that the proposed cavity growth diagram in Fig. 8 is in excellent agreement with both the quantitative cavity analysis and the cavity volume measurements.
Summary and Conclusions
(1) The Zn22% Al eutectoid alloy was processed by ECAP through 8 passes at 473 K and then tested in tension at 473 K to evaluate the growth of cavities under superplastic conditions. Cavities were examined using quantitative analysis and volume measurements.
(2) The as-pressed material exhibited a highest elongation of 2230% at a strain rate of 1.0 © 10 ¹2 s ¹1 thereby confirming the occurrence of high strain rate superplasticity. A strain rate sensitivity of m = 0.43 was recorded in the region of optimum superplasticity.
(3) Quantitative cavity measurements showed small and spherical cavities having sizes of <10¯m 2 in samples pulled to elongations up to ³1000% and larger cavities at elongations at and above 1500%. These small cavities were rounded but the larger cavities were elongated parallel to the tensile axis.
(4) A cavity growth diagram was constructed which provides an accurate prediction of the cavity growth processes including the transition from superplastic diffusion growth at the small cavity radii to plasticity-controlled growth at radii larger than ³2.1¯m. 
